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Abstract

Dried blood spotting (DBS) is a convenient blood collecting and sampling method which is widely
applied in newborn screening and blood analysis. At the moment, the practice is to try to keep
the blood within a marked circle in a thin porous filter paper. However, it is not always possible to
predict exactly how the blood spot spreads inside the filter papers and it depends on many
factors including the properties of the filter papers, blood properties and how the blood is
deposited on the filter paper. In this paper, we aim to identify the relationships between the
physical properties and the spreading behaviour of blood on a typical DBS filter paper (Whatman
903). Pig’s blood was used to mimic the behaviour of human blood and investigate the
spreading/imbibition processes of blood drops on the filter paper. Both top and side views were
used to analyse the spreading/imbibition behaviour. The experimental data present the
haematocrit effect on the spreading dynamics of blood for dried blood spot sampling. The results
obtained prove that the spreading/imbibition time dependences of droplet height, droplet base

radius and contact angle are universal function of dimensionless time.

Keywords: Dried blood spots (DBS), spreading dynamics, spreading experiment, dynamic

contact angle, haematocrit level

1. Introduction

Dried blood spotting (DBS) is a convenient blood collecting and sampling method, which is
widely applied in newborn screening and blood analysis. The ease of its use and a number of
other benefits derived from advanced analytic technology have led to a rapid growth in the
application of DBS in traditional screening methods (e.g., large scale neonatal screening) and
others, e.g., preclinical test and, pharmacokinetic (PK), toxicokinetic (TK) and therapeutic drug
monitoring (TDM) [1-8]. DBS provides many benefits compared to conventional whole blood
collection or plasma sampling, such as low cost, ease of transport and storage, etc. [9]. These
benefits are derived from the ability of DBS to collect, handle and store blood samples of micro-
volumes from which qualitative and quantitative data can be obtained at a later date [1,2,10].
However, this method suffers from two main problems. First, the dispersion of blood analytes
over filter paper is often found to be unequal which may cause inaccuracies in the clinical
analysis of the collected blood [11]. Second, the current DBS methods may not be applied to
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analyse certain analytes due to the small sampling volume and low recovery. The latter problem
has been benefitted from advanced analytical methods recently, such as liquid chromatography
tandem mass spectrometry (LC-MSMS) and high performance liquid chromatography-ultraviolet
(HPLC-UV) [1,2,6,10]. However, the issues mentioned above have always been the bottleneck of

practical application of DBS.

According to a number of review papers [3,6,7,10,12,13], most researches of DBS are focussed
on the metabolic disorder and clinical disease analyses, and studies on their fluid dynamical
behaviour (e.g., spreading kinetics of blood above and within the filter paper) are much less
visible [5-8]. At the moment, the practice is to try to keep the blood samples within a marked
circle in a thin porous filter paper. Recently, a significant amount of work has been spent trying to
find out how much the blood spot will spread (spreading behaviour) without trying to quantify the
kinetics of the wetting properties of the filter paper [2,9,11,12,14,15]. Also, a large amount of the
work seems to have been spent on trying to develop techniques for measuring concentrations of
solute/molecules from the collected blood sample on filter papers [2,7,10,12]. However, it is well
known that the spreading behaviour of blood droplets are not always possible to predict exactly
on the filter papers and it depends on many factors including the properties of the filter papers,
blood properties and the way how blood is deposited on the filter paper. Therefore, there is no
well-defined relationship between the theoretical and experimental parameters in the published
DBS literature and only few researches have considered the influence of spreading dynamics on
the DBS without quantifying these behaviour in detail [3,9,16]. In order to understand the
spreading processes accurately new model based on both theoretical and experimental methods
should be developed since the study of spreading behaviour of the blood drop over DBS filter
paper had not been developed before. In addressing these points, the spreading and imbibition

of blood droplets on thin porous media, namely, DBS filter paper is studied in this paper.

The kinetics of the spreading of other liquid drops over porous medium has been investigated in
previous studies [17—19]. According to the previous studies, the drop spreading over dry porous
layers is considered as two competitive processes: (i) the spreading of the drop over an
saturated porous surface and (ii) the imbibition of the liquid from the drop into the porous
substrate [20]. In this paper an axisymmetric experimental model of liquid drop spreading over a
thin porous layer is adopted as discussed in the next section. In the experiments, the dynamic
contact angles, droplet base radius and profile have been measured to characterize the

spreading process.
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Although some of the above studies reported the spreading/imbibition of droplets of Newtonian
liquids on thin porous media, there is little or no study that has reported the spreading behaviour
of non-Newtonian fluids in general and, more specifically, blood in the context of DBS. Therefore,
the experimental investigation on blood spreading behaviour is essential. As mentioned earlier,
there are a number of parameters which affect the spreading behaviours of blood on filter papers.
Firstly, the physical properties of a filter paper, such as an average pore size and, thickness on
the layer affect the capacity and spreadability of blood on the filter paper. Considering the
consistency of the properties of DBS filter papers, the performance of filter paper was monitored
by the Newborn Screening Quality Assurance Program (NSQAP) at the Centers for Disease
Control and Prevention (CDC) (Atlanta, USA) to ensure that new filter paper are consistent with
established guideline [21]. Secondly, the properties of blood, including, blood rheology,
haematocrit level (i.e., the volume fraction of red blood cells in blood) and drop volume affect the

performance of blood spreading/imbibition.

It is well known that the blood rheology is affected by the haematocrit level [22,23]. Further, the
significance of haematocrit level to dried blood sampling has been discussed earlier [9,11,24-26].
For example, it was reported that the levels of most amino acids and free carnitine were higher in
the blood drop periphery than in the central spot with lower haematocrit level [11]. Denniff and
Spooner [9] reported that a bias was observed in the concentration of two analytes at different
haematocrit levels and the area of DBS samples decreased linearly with increasing haematocrit
levels. [9]. O'Mara et al. [24] reported that a significant bias (>15%) existed due to the
haematocrit effects and unequal distribution across the spot. This shows that the influence of
haematocrit levels on the concentration of analytes would be case-dependent, i.e., analyte
concentration could vary in different cases of the DBS samples, which could be caused by
unequal distribution of analytes in plasma, red blood cells or both [25].. In order to utilize DBS
accurately in clinical analyses, the haematocrit effects should be investigated as a method
development and validation for individual analyte. Generally speaking, it is expected that the
influence of the spreading kinetics of blood droplet at different haematocrit level to the DBS
sampling is much more consistent although the spreading kinetics is determined by the rheology
of blood, which again depends on haematocrit level. Nevertheless, the spreading kinetics of
blood at different haematocrit levels should be investigated further to provide a better
consideration of the influence of haematocrit level differences to the whole DBS sampling and

analysis process.

In addressing the above issues, a series of experiments is presented in this paper to investigate

the spreading/imbibition behaviour of blood droplets with different haematocrit levels on DBS
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filter papers. The experiments are aimed at recording blood drop spreading/imbibition behaviour
over the filter paper using a high speed camera and analysing the spreading droplet radius,
volume, wetted area inside the filter paper and contact angle by an image analytic software
[17,19,27]. The whole process requires special conditions in which they are carried out as the
spreading/imbibition experiment data may be influenced by environmental factors such as, gas
flow, vibration and horizontal level. Therefore, in our experiment, a special hermetically isolated
chamber has been designed and installed on a vibration-protected table to eliminate the
environmental effects during the drop spreading experiments. In order to quantify the blood
spreading process, we observe the wetted region on the surface of filter paper (top view) as well
as the droplet spreading and absorption behaviour (side view). The wetting region on the surface
of the filter paper is known as the dried blood spots sample area. According to Starov et al. [19],
the spreading behaviour of liquid droplet over porous layer (filter paper in our case) could be
considered as overlapping of two different processes: one is the spreading of blood over the filter
paper; another is the capillary motion inside the matrix of the filter paper. In consistent with this
study, the time evolution of the radius of the wetting region, the drop base, the drop volume and

the contact angle were monitored in our experiments.

We use pig’'s blood with different haematocrit levels to simulate the behaviour of human blood,
and observe the spreading process of the liquid drops on DBS filter paper to analyse its
spreading behaviour. The selection of the animal blood as a simulant for human blood in our
experiments is based on the similarity of its rheological properties to those of human blood,
namely, the blood viscosity, plasma viscosity, erythrocyte aggregation and others [28]. The easy
availability of pig's blood from nearby abattoir and the ethical policy on minimum or no use of
human blood for laboratory experiments are other considerations in our design of experiments.
Accordingly, pig’s blood is considered as the most suitable blood simulant in our experiments.
The blood rheology was obtained via in-house laboratory experiments and used to identify the
difference of spreading behaviour between blood samples with different haematocrit levels. The
spreading behaviours of blood plasma and water on the same filter paper are also analysed as
reference liquid and used to characterise the effects of the presence of red blood cells (RBCs) to

the spreading behaviour of pure liquid.

2. Materials and Experimental Methods

2.1. Blood

Pig’s blood was collected in EDTA anti-coagulated tubes (International Scientific Supplies Ltd.
Bradford, UK) from a local butcher. 0.9% sterile saline solution (OXOID Ltd., Hampshire, UK)
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was used to wash red blood cells after centrifugation. Blood was stored at 4°C and all blood

samples were used within 4 hours after collection.

2.1.1 Preparation of different haematocrit levels of blood

Blood of different haematocrit levels was prepared according to the procedures presented by
Baskurt et al. [23]. The blood samples with different haematocrit levels were centrifuged by a
Heraeus Labofuge 400R centrifuge (Thermo scientific, UK) at a constant rotating speed (~1400 g)
for 10 minutes to separate the red blood cells (RBC) and plasma without damaging the RBC in
the blood. After the separation, the plasma was kept for re-suspension later and the cells were
washed by the sterile saline solution three times to remove buffy coat layer, i.e., a thin layer that
is generated between plasma and RBC after centrifugation, which also contains most of the
white blood cells and platelets. The washed cells were then re-suspended in plasma at the

required haematocrit levels, namely, 0%, 30%, 50% and 70%.

After the preparation of blood samples, the haematocrit level and cell density were measured for

every sample to make sure consistency in the quality of the samples.

2.1.2 Measurements of blood rheology

As described in section 2.1.1, blood samples with different haematocrit levels (0%, 30%, 50%,
and 70%) were prepared from single source and slowly vibrated to a well-mixed condition at
room temperature before testing. The blood rheology measurements have been made using the
rheometer with plane geometry (4 cm diameter, stainless steel) and 250 ym gap. The
temperature was kept constant using Peltier plate at 25°C. The viscosity measurements have
been made in shear rate range 0.2 to 100 s™. Also the blood density was measured using a

pycnometer at 25°C.

2.2. Filter paper characteristic

Whatman 903 blood spot cards were supplied by Whatman (GE Healthcare, Maidstone, UK).
Riechert-dJung MEF3 inverted microscope accompanied with the digital image acquisition via
QCapture software are used to estimate the filter paper thickness. Carl Zeiss (Leo Cambridge)
Stereoscan 360 Scanning electron microscopy (SEM) was applied to provide the scanning
electron micrographs which are then used to determine the thickness, the surface porosity and
the pore size distribution. All the experimental results for filter paper thickness are calculated

from SEM and inverted optical microscope images via Image J software.

2.3. Spreading experiment

The spreading of blood with different haematocrit levels was observed from both side and top.

Each spreading data were determined from ten replicate blood spot, each derived from 10 pl
5
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blood samples, at 0%, 30%, 50% and 70% haematocrit levels on DBS filter paper. Each droplet
sample was produced via a 10.0£0.5 pl syringe in our experiments. Furthermore, the initial
volumes of the blood droplets were calculated and checked from images recorded by high speed
camera for all the spreading experiments. Hence, the experiments conducted in this work ensure
repeatability of initial droplet volume within a range of around 10.0+0.5 pl. All the video images
were taken from printed side of DBS filter paper with a constant working distance and focal

length.

Cameras that have been used in spreading experiment are AVT Pike F-032 high performance
camera (Allied Vision Technologies, UK) for the top views recording and i-SPEED LT high speed
video camera (Olympus, UK) for the side views. The optical objective used in side view
experiment for small drop spreading is IF-3 standard (INFINITY PHOTO-OPTICAL GmbH,
Germany). AR1000-N Rheometer (TA instrument, USA) was used to determine the viscosity of
blood.

The experimental set up of spreading experiment is shown in Figure 1, which is based on the
experiment setup used earlier for the droplet spreading/imbibition experiments with Newtonian
liquids [20]. A filter paper substrate is placed in a closed chamber with a fixed temperature and
humidity. The chamber was equipped with optical glass windows for observation of both the
shape and the size of the spreading drops; a side view and top view were monitored. The light
source was installed at the bottom and the other side of chamber where the light can come from
the opposite site of the CCD camera. The chamber and all optical equipment were mounted on

an optical bench. The optical bench was installed on a vibration-protected table.

The experiments were processed in the following order for obtaining both side and top views of

blood spreading:

a) The porous substrate under investigation (filter paper) was placed in the chamber.

b) Optical equipment was adjusted to focus on the sample depositing spot and the spreading
process area, where the equipment include: CCD camera lenses, light source based on
working distance.

c) A droplet of investigated sample (blood) was placed on the substrate by syringe and the
whole process was recorded by CCD cameras.

d) Calibration of known distance in each image was done with identified micro-scale.
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e) The image was analysed to obtain experimental data via image processing software (ImageJ
and Vision builder (National Instrument, UK)) which are able to record specific parameters

such as droplet radius, height and wetting region and quantify the obtained data.
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Figure 1. Sketch of the experimental set-up: 1, porous substrate; 2, hermetically closed,
thermostated chamber, 3, liquid drop; 4, light sources; 5, CCD cameras; 6, PC; 7, optical

windows; 8, optical objectives.
3. Results and Discussions

3.1 Rheology of blood used in spreading experiments

The rheology of blood is an important parameter in the spreading dynamics over porous medium.
The influence of haematocrit level of blood viscosity was investigated by measuring the blood
viscosity at different haematocrit levels. In particular they were measured so as to characterise

the blood samples used in this study. The viscosity values were measured at 25C, which are

shown in Figure 2. As expected, the shear thinning character of the blood was found. At high
shear rate, the value of viscosity of blood decreases to a constant low number of around 4-15 cP.
However, at low shear rate the blood viscosity varies from 1000cP to 400cP which may be
caused by the unequal aggregation of RBCs and the formation of suspended particles inside the
blood [23]. Figure 2 shows that the viscosity of blood is higher as the haematocrit level increases.
The experimental data presented in the figure are in a good agreement with other reference data
[28,29]. The data are also in good agreement with Thiriet’s study [30] in which the author shows
that the values of blood viscosity at constant temperature can be approximated by following

power law equation:
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where k and n are consistency factor and flow behaviour index, p is blood viscosity and y is the

shear rate. Equation (1) can be rewritten as Inuz=Ink—nlInyand we use Table 1 to fit the

parameters k and n.

viscosity (cP)
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Figure 2. The dependancy of blood viscosity at 0%, 30%, 50% and 70% haematocrit levels on

shear rate from 0.5 s to 100.0 s™

Table 1. Fitted values of k and n according to equation (1)

Haematocrit levels in blood k n

0% 23.99 0.368
30% 57.72 0.394
50% 120.60 0.325
70% 325.11 0.240

As shown in Table 1, the values of n are almost constant and it is slightly higher with higher

haematocrit level. However, the values of k vary significantly with different haematocrit levels.

These show that the viscosity values of blood follow a universal function of shear rate, where the

values increase with increasing haematocrit levels.
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The average densities of the blood sample used in this study are shown in Table 2. The results
show that the density of blood sample with higher haematocrit level is higher than blood samples

with lesser haematocrit level.

Table 2. The average density of plasma and blood at 30%, 50% and 70% haematocrit levels at

25°C (data were calculated based on 3 samples)

Fluid Sample Average Density (kg/m?)

Plasma (0% haematocrit level in pig's blood) 1030.52+0.13
30% haematocrit level in pig's blood 1043.18+£1.32
50% haematocrit level in pig's blood 1049.75+1.75
70% haematocrit level in pig's blood 1058.71+2.21

3.2 Characteristics of filter paper

The spreading/imbibition behaviour of blood droplet over porous filter paper depends on the
physical properties of filter paper used: the thickness, fibre matrix composition, permeability,
porosity and pores size distribution. We used two microscopes to observe the surface
heterogeneity and measure the thickness of filter paper, in order to analyse these physical
parameters under different scale levels (Figure 3). In Figure 3, the images have clearly shown
that the pores inside the filter paper are created from both the space between the fibre structure
and the micro pores of fibres itself. The thickness of filter paper was also measured from the
cross sectional images of the filter paper which were taken by an inverted microscopy. The
average thickness data were obtained and calculated from 5 random cross sections per image
via an image processing software, namely, QCapture (Qimaging, Canada). The image taken by
polarized optical microscopy shows that the average thickness of the filter paper is around A=500
+ 50 um, which is a good agreement with data calculated from 10 different samples using direct
measurement of the thickness by a micrometre. The intrinsic permeability of the completely wet

filter paper was measured using a porometer (Porous Materials Inc., US) which was found to be
0.5670.025 1 m?. The basic principle of porometer test is that it forces a non-reactive gas (air in
this study) flow through the porous sample with increasing pressure steps to push out the wetting

liquid inside porous material. This provides a relationship between the flow rate and pressure

difference which is then used to determine the permeability (i.e., Darcy law)[31]
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Figure 3. The micrographs of filter paper at (A) top, (B) side and (C) bottom sides under 600 um

scale and (D) 20 uym scale from scanning electron microscopy (SEM)

3.3 Kinetics of blood droplet spreading

The images captured from top and side views were analysed for all spreading/imbibition
experiments. The drop spreading/imbibition were assumed to be symmetric over the whole
duration of the process and the contact area of the drop on the surface of the porous filter paper
was assumed to be circular. These assumptions were in a good agreement with our
experimental observations of blood spreading/imbibition processes. Spherical form of the
spreading drop was used to calculate the volume of the drop that lies over the substrate as a

function of time. The schematic is shown in Figure 4.

The wetted region inside the filter paper, 1(t), was obtained using top view video photographs at
60 fps (Figure 5).These image sequences were processed using Imaged software to obtain the
area A(t) and perimeter P(t) of each spot. A distance was defined on the image of an identified
micro-scale using the software calibration; this was then used to measure the area of the DBS
samples after transforming the image into black and white. The hydraulic radius of wetting region

I(t) was then calculated as follows:

10
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Figure 4. Cross-section of the axis-symmetric spreading drop over initially dry filter paper with

thickness A. 1 -liquid drop; 2 - wetted region inside the porous substrate; 3 - dry region inside the
porous substrate. L (t) - radius of the drop base; | (t) - radius of the wetted area inside the porous
substrate; A-thickness of porous substrate, r, z co-ordinate system; h (t, r) -profile of the

spreading drop; @-contact angle.

The time dependency of the radii of wetting regions, I(t), for pure water and blood at 0%, 30%,

50% and 70% haematocrit levels on Whatman 903 filter paper at 25°C are shown in Figure 6.

Figure 6 shows that the spreading process inside the filter paper can be divided into two stages
in the case of pure water and plasma (0% haematocrit blood). The first stage of the penetration
of fluid inside the filter paper is caused by the imbibition of the blood from the droplet transport
into big pores. As a result the wetted region increased very fast. After the imbibition of droplet
was completed, the second stage involves the penetration of fluid inside the filter paper, which is
caused by the fluid penetration from larger pores into smaller pores, where the spreading kinetic

is much slower.

According to Figure 6 there is a significant difference in the radius of wetted region in the case of
(1) the water (Newtonian liquid) and (2) plasma and blood samples (shear thinning liquids). First
of all, the radius of wetting region of water is much bigger than in the case of plasma and blood
samples. In the case of plasma/blood samples, the radius of the wetted region reached its
maximum value within around 0.4 second and stopped expanding further. On the other hand, the
water drops spread continuously for a prolonged period of time after the droplet spreading was
completed. Water continued to spread inside the filter paper after the droplet on the filter paper
already disappeared. However, all the plasma/blood samples stopped penetrating around the
same time when the droplet was completely imbibed into filter paper. These results indicate that
the presence of RBCs change considerably the spreading behaviour of blood inside the filter
11
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paper, where the blood samples remained inside a constant small region while water continues

to penetrate inside the filter paper.
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Figure 5. Top views of 30% haematocrit blood spreading on filter paper. Each image was

captured at 60 fps from the time the first image was taken

According to Starov et al. [19], the main mechanisms of spreading behaviour of a liquid drop
inside and over the porous substrate are viscosity and capillary forces. The capillary forces do
not change a lot with the haematocrit difference as the fluid properties are almost same in the
interfacial. Therefore, the viscosity difference between plasma and blood should be the major
mechanism to be responsible for the spreading behaviour inside the porous fibre. According to
our measurements (Figure 2) both plasma and blood show a shear thinning behaviour. After the
blood is imbibed into filter paper, the shear rate of blood decreased and the latter results in the
increasing of blood viscosity, which further decrease the spreading kinetic inside the filter paper
and eventually prevent the further penetration of blood. In physical terms the latter means that
the red blood cells block the micro-pores in the filter paper and as a result the plasma cannot

penetrate from the large pores into smaller pores.

12



6
T T T T 1
o1 T 1T 1T
> TTTIIILLLJ.lll
—_— 1 <
£
£
& 4
=]
2
]
o
§3
oy 0
o 0%
£, —30%
> w50%
s —T70%
1 == Pure water
0
0 2 4 6 8 10 12 14 16 18 20
343  Figure 6. Time evolution of radius of wetted region, I(t), inside the filter paper: plasma, pure water
344 and 30%, 50%, 70% haematocrit levels in blood
345
4
T S B
£
£ 3
3525
B ¢ hematocrit level 30%
< ) W hematocrit level 50%
.ugo i A hematocrit level 70%
[
€15
g |a
g
g 1
0.5
0
0 0.2 0.4 0.6 0.8 1 1.2
Time(s)
346
347 Figure 7. The spreading radii of wetting regions of blood at different haematocrit levels
348

349  In Figure 7, a magnification of the data presented in Figure 6 is given on the time dependency of

350 the wetted region inside the filter paper for blood at different haematocrit levels. Figure 7 shows

13



351
352
353
354
355
356
357
358
359
360

361

362

363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381

that the maximum radius of the wetted area slightly decreases with higher haematocrit level: the
maximum radius difference between 30% and 70% haematocrit blood are around 3%. This result
has been noticed earlier [9,11]. Figure 7 also shows that the higher haematocrit level is the

slower the spreading is.

The time variation of the drop base radius, L(t), and the height of drop of the drop, h(t,r), were
obtained using side view and high speed video camera (600 fps) (Figure 8). The images were
processed using vision builder software, where the volume of the spherical cap and the contact

angle formed by the fluid with substrate was calculated as follows[20]:

L(t)%2+h.>
ro = L) 3)

6 =90 — sin~! (ﬂ) (4)

I'c

where h. is the height of the drop at central point, r. is the contact radius, and 6 is the contact

angle.

According to our experimental observation the radius of drop base initially increases to its
maximum value and then slowly decreases till complete imbibition of blood drops. The most
notable differences between the samples with different haematocrit levels are the spreading
kinetic as shown in Figure 9. The time of completely imbibition is around 0.2 second for plasma.
However, the imbibition times for blood samples at 30%, 50% and 70% are slower and are
around 0.3s, 0.45s and 0.6s. This result clearly suggests that the spreading kinetic decreases as

the haematocrit level increases or the same as the viscosity increases.

In order to further discuss the spreading dynamics of droplet spreading over porous media, the
spreading radius, contact angel and droplet height have been suggested to use the
dimensionless unit as follows [19]: L(t)/ Ly, 6(t)/0, h(t)/h,, on dimensionless time: t/t*,where
Ly, is the maximum radius of the droplet base;fd,, and h,,,(t) are the contact angle and droplet
height when the spreading radius reaches the maximum value; t* is the time of complete

imbibition of the blood droplet. All the relevant data are shown in Table 3.
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Figure 8. Side views of 30% blood spreading over Whatman 903 filter paper. Each image is
captured at 600 fps from the time the first image is taken. The time scale for first three pictures is
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Table 3. Time of complete imbibition, maximum spreading radius of droplet base, droplet height

at maximum spreading and contact angle at maximum spreading for investigated blood samples.

t* (s) Ly (mm) hm (mm) Om (degree)
Time of Maximum Droplet Contact
complete spreading radius | height at angle at
imbibition of droplet base maximum maximum
spreading spreading
Water 0.072 2.12 0.51 29.62
0% haematocrit level 0.230 2.11 0.66 34.44
30% haematocrit level 0.351 2.18 0.65 32.80
50% haematocrit level 0.508 2.18 0.62 30.94
70% haematocrit level 0.663 2.09 0.62 33.48
2.5 -
& Water
b B 0% haematocrit level pig's
218 blood
& 30% hematocrit levels pig's
E e blood
£ Fé:f X 50% hematocrit level pig's
g5 g blood
9 1% X 70% hematocrit level pig's
5 & blood
<
g
5 1
3
&
0.5 +
0 D \
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)

Figure 9. Radii of the drop bases as function time: (A) 10 ul water, (B) 10 pl 0% blood (C) 10 ul
30% blood (D) 10 yl 50% blood (E) 10 pl 70% blood on Whatman 903 filter paper.

In Figures 10 and 11 the spreading behaviours of pure water and blood with different haematocrit
levels in dimensionless units. The dimensionless time scales of blood at different haematocrit
levels required to reach the maximum radius of the drop base and completely imbibition are

relatively similar compared to water. In reference to the dimensionless time in Figure 10, the
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spreading behaviour of water shows that water has less retention time above the filter paper as
compared to that of blood droplets. This indicates that water (a Newtonian liquid) may penetrate

easily into the filter paper in comparison to that of the blood samples.

Figures 10-12 demonstrate that the time evolution of droplet base, height and contact angle in
the case of Newtonian liquid (water) is different from the corresponding dependences of non-
Newtonian liquids: blood droplet at different haematocrit levels. However, the qualitative
behaviour of all dependences in the case of Newtonian and non-Newtonian liquids remains
similar. The time evolution of spreading radius of blood on time can be divided into two stages in
the case spreading/imbibition process of blood droplet over filter paper as in the case of
Newtonian liquids [19]. The two competing processes determine the whole spreading process:
the spreading of blood droplet, which results in an increase of the radius of the droplet base and
the imbibition of blood from droplet into the filter paper, which results in a shrinkage of the droplet
base. At the beginning, the base radius of droplet expanded to the maximum value. When the
droplet base radius started to decrease and the contact angle remained constant till complete
disappearance of the droplet. According to this two stage theory, the spreading behaviour of
blood and plasma show a similar behaviour. Two stages of the process prove that the spreading
of plasma and blood at all haematocrit levels are governed by a complete wetting of the filter
paper and in this case the spreading processes proceed in two stages [20]. Otherwise three

stages of the spreading/imbibition would exist [32].
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Figure 10. Dimensionless radii of the drop base as function of dimensionless time for water and

blood samples at 0%, 30%, 50% and 70% haematocrit levels
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Figure 11. Dimensionless droplet heights of water, blood 0%, 30%, 50% and 70% haematocrit

blood as function of dimensionless time
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Figure 12. Dimensionless dynamic contact angles of water, blood plasma, 30%, 50% and 70%

haematocrit blood as function of dimensionless time

Conclusion

In this paper we have discussed the influence of different haematocrit levels of blood on the
spreading/imbibition dynamics of DBS sampling on filter paper. For the droplet spreading over
the filter paper, the size and spreading kinetic of blood samples on Whatman 903 filter paper has
been demonstrated to decrease proportionally with the increase of haematocrit level in the blood.
There is a significant decrease of wetting region as the presence of RBCs in blood plasma which
indicates that the presence of RBCs in plasma-like solution considerably change the
spreading/imbibition kinetics through porous fibre due to the shear-thinning behaviour of blood.
The experimental data present the haematocrit effect on the spreading/imbibition dynamics of
DBS sampling. The results suggest that all the spreading/imbibition dependences such as
droplet height, droplet base radius and contact angle can be presented as universal functions of
dimension less time. This behaviour of blood spreading allows us to control and calculate several
spreading parameters of DBS sampling, such as, wetting region, retention volume, imbibition
volume, liquid retention time above filter paper, etc. The development of a theoretical model
based on the experimental data of spreading behaviour for determining the distribution of specific

analytes is being considered and will be presented in our future work.
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